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Abstract

Obijective: Despite a great number of studies analysing the effects of microgravity on
stem cell proliferation and differentiation, few of them have focused on real-time
imaging estimates in space. Herein, we utilized the TZ-1 cargo spacecraft, automatic
cell culture equipment and live cell imaging techniques to examine the effects of real
microgravity on the proliferation and differentiation of mouse embryonic stem cells
(mESCs).

Materials and methods: Oct4-GFP, Brachyury-GFP mESC and Oct4-GFP mESC-
derived EBs were used as experimental samples in the TZ-1 spaceflight mission.
These samples were seeded into chambers, cultured in an automatic cell culture de-
vice and were transported into space during the TZ-1 mission. Over 15 days of space-
flight, bright field and fluorescent images of cell growth were taken in micrography,
and the medium was changed every day. Real-time image data were transferred to
the ground for analysis.

Results: Space microgravity maintains stemness and long-term survival of mESCs,
promising 3D aggregate formation. Although microgravity did not significantly pre-
vent the migration of EBs on the ECM substrate, it did prevent terminal differentia-
tion of cells.

Conclusions: This study demonstrates that space microgravity might play a potential
role in supporting 3D cell growth and maintenance of stemness in embryonic stem

cells, while it may negatively affect terminal differentiation.
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1 | INTRODUCTION

In a microgravity environment, a variety of fundamental physical
phenomena become significantly altered, resulting in bone loss,
immune alterations, muscle atrophy, etc.! Recently, the influence
of microgravity on cell growth and tissue regeneration has gained
significant attention. Several studies investigating the role of micro-
gravity on cell proliferation and differentiation have demonstrated
that cells grown in a microgravity environment develop differently
from those grown under 1 x g conditions, resulting in changes in
spreading, migration, contraction and division.?

Embryonic stem cells (ESCs) have the capability to self-renew and
differentiate into all cell types and provide a great model for study-
ing stem cell responses to microgravity, holding great promise as a
robust cell source for tissue engineering in microgravity.3 Although a
variety of Earth-bound equipment has been used to study the effect
of microgravity on proliferation and differentiation of ESCs (eg, the
rotating wall bioreactor (RWB), the rotary cell culture system (RCCS)
and the 3D clinostat),*” results concerning the effect of microgravity
on ESCs vary and are controversial. Some ground-based results have
demonstrated that mouse ESCs (mESCs) cultured in a simulated mi-
crogravity (SMG) bioreactor showed unique differentiation profiles,
such as expression of specific haematopoietic genes<S and enhance-
ment of hepatic differentiation.” In contrast, other studies have sug-
gested that SMG impairs ESC properties® (eg, cell numbers, adhesion
capabilities and apoptosis rates) and reduces their differentiation
capabilities9 (eg, cardiomyogenesis). Thus, spaceflight experiments
are a unique opportunity to assess the effect of real microgravity
on cellular function. So far, a subset of spaceflight experiments has
focused on studying the differentiation and proliferation capacity of
adult stem cells. Exposure to microgravity to model in vivo mechan-
ical unloading of bone reduces early mesenchymal and haematopoi-
etic stem cell differentiation. Additionally, spaceflight increases the
expression of genes related to nervous system development in bone
marrow-derived mesenchymal stem cells.!® Experiments on the STS-
63 and STS-69 space missions found that spaceflight decreased total
cell number and erythropoiesis while increasing macrophage differ-
entiation in CD34* bone marrow progenitor cells.!*

Recently, Blaber et al reported using embryoid bodies (EBs) as
a model to test the impacts of space microgravity on early lineage
commitment of mESCs. They demonstrated that microgravity in-
hibited EB differentiation and maintained stemness of EBs by gene
expression analysis and post-microgravity cellular differentiation
and viability assays when the samples returned to Earth.}?> However,
there was no system available that allowed long-term culture of stem
cells or real-time imaging in space microgravity.

Previously, we investigated the role of rotary suspension culture
in early differentiation of mouse embryoid bodies (mEBs). We found
that the RCCS enhances mesendoderm differentiation of mESCs by
modulating Wnt/p-catenin signalling.X® In this study, through bright
field and fluorescent imaging on the Chinese TZ-1 cargo spacecraft,
we report results of a fifteen-day spaceflight on the proliferation
of mESCs and the differentiation properties of mEBs in real time.

We found that mESCs exhibit features of 3D growth, survive lon-
ger and retain enhanced marker for stemness in space microgravity.
In addition, we noted that although mEBs cultured in attachment
dishes were able to develop outgrowth on the ECM substrate under
microgravity conditions, they expressed lower levels of Oct4 and
higher levels of brachyury in a spontaneous differentiation system.
Differentiated cells were still at the mesendoderm stage of differen-
tiation after 15 days in culture. These findings may increase our un-
derstanding of the effect of space microgravity on the proliferation

of mammalian ESCs and initiation of early differentiation.

2 | MATERIALS AND METHODS

2.1 | Cell culture

The Oct4-GFP™ and Brachyury-GFP15 reporter mESC line, as well
as the Oct4-GFP mESC-derived EB line!, were used as experimental
models in the TZ-1 spaceflight mission. For ESC expansion and EB
production on the ground, mESCs were maintained under standard
conditions on inactivated mouse embryonic fibroblasts (MEFs) as we
previously described.® mESCs were passaged every 3 days onto in-
activated MEFs. For mESC culture in space, we utilized a chemically
defined system to culture ESCs instead of the conventional serum
and LIF medium used in previous studies.?”*® In brief, mESCs were
cultured in N2B27 complete medium. One day before launch, Oct4-
GFP mESCs were seeded in matrigel-coated space culture cham-
bers at a density of 1000 cells per chamber, covered with 1.8 mL
of N2B27 complete medium, and incubated at 37°C in a cell culture
bioreactor.

2.2 | EB formation and differentiation

For EB formation from mESCs, Oct4-GFP and Brachyury-GFP mESC
colonies were treated as previously described, with some modifica-
tions.® mESCs colonies were dissociated from dishes with 1 mg/
mL collagenase IV (Invitrogen) at room temperature for 2 minutes to
obtain ESC aggregates. Then, aggregates were further dissociated
with 0.05% trypsin digestion to obtain single cell suspensions. Next,
dissociated cells were incubated in 10-cm dishes for 30 minutes at
37°Cin 5% CO, for further purification. The purified mESCs were
forced to aggregate by hanging drop (1000 cells/10 pL) onto the lids
of Petri dishes with EB differentiation medium. Dishes were incu-
bated at 37°C for 24 hours. After incubation, cells had formed EBs
that were uniform in size. EBs were washed off into Corning low at-
tachment dishes with suspension culture, where they were kept until

seeding into space culture chambers.

2.3 | Hardware specifications

The bioreactor for stem cell culture was manufactured by the
Shanghai Institute of Technical Physics of the Chinese Academy
of Sciences to match the specifications and safety standards of
the TZ-1 cargo spacecraft mission. The bioreactor consisted
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FIGURE 1 Establishment of an automated culture system to culture mouse embryonic stem cells (mESCs) and embryoid bodies (EBs). A,
In our cell culture chamber, real-time growth of cells can be monitored by microscopy through the window (white arrow). B, Pictures of the
medium storage bags (red dotted line) and waste bags (white dotted line). C, Micro peristaltic pumps, which provide medium change with

a flow rate of 400 uL/min in these experiments. D, Cell culture module (CCM), consisting of 2 connecting space culture chambers linked
with the bags and with the pump. E, The electronic container, together with CCM, forms the complete experimental hardware, called the
bioreactor. F, Representative bright field images of mESCs cultured with N2b27/2i medium using the automated culture system in ground
conditions. Scale bars = 100 pm. G, Representative bright field images of EBs cultured with differentiation medium using the automated

culture system in ground conditions. Scale bars = 200 pm

of culture chambers, medium storage bags, cell culture mod-
ules (CCM) and an electronic container. Each culture chamber
(44 mm x 22 mm x 10 mm) was loaded with 1.8 mL of medium.
Two chambers were connected in series as a group that includ-
ing an observation window (Figure 1A). Two medium storage

bags, modified from blood bags, were used for medium storage
and liquid waste recovery (Figure 1B). As a fully automated sys-
tem, CCM provided temperature control, microscope imaging, me-
dium recirculation and medium routing via micro peristaltic pumps

(Figure 1C) and pinch valves. Medium nutrients were delivered
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through the micro peristaltic pump from the medium storage bag

to the waste bag. Temperatures inside the cell culture chamber
were 36.7 £ 0.5°C, and the storage bags were 4 + 0.5°C. Images
of cultures were obtained with a dual-magnification microscope
(10 x and 20 x focus) with programmable controls for automatic
micrography.

2.4 | TZ-1 spaceflight experiment: cell loading,
module installation, check-up and location on the
cargo spacecraft

Cells were transported into space during the Chinese TZ-1
mission, which was launched by rocket Long March 7 at the
Wenchang cosmodrome on April 20, 2017. Thirty hours before
launch, proliferation and differentiation media were inflated with
a gas mixture (5% O,, 5% CO, and 90% N,) for about two hours,
and 6 cell culture chambers containing 1.8 mL of gas-saturated
medium were loaded with 3 different cell samples (Oct4-GFP
mESCs, Oct4-GFP EBs, and Brachyury-GFP EBs) and incubated
at 37°C in 5% CO, temporarily. Twenty hours before launch, the
space cell culture chambers were assembled in CCM. Images of
cells acquired 12 hour prior to launch were considered the initial
states of cells on the ground. Six hours before launch, CCMs were
installed into the electronic container, and the installed bioreac-
tor was transferred onto the TZ-1 cargo spacecraft. Two hours
after the spacecraft entered orbit, the cell culture medium was
changed automatically with a flow rate of 400 pL/min, and the
first images in space were obtained. During 15 days of space-
flight, pictures of the cells were taken daily by micrography, and
the medium was changed every day. Real-time image data were
transferred to the receiving station on the ground. Corresponding
ground controls for the experiment were maintained at the labo-
ratory in Beijing. As controls, experiments were performed fol-
lowing the same exact procedure on the ground in the spare cell
culture bioreactor environment.

2.5 | Cell area and fluorescence intensity analysis

For cell area measurement, the surface area of the colonies in each
image was measured using image J software and normalized accord-
ing to previously reported.!” We also analysed the cell fluorescence
intensity of Oct4-GFP using image J software as previously de-
scribed.?%2! Briefly, a cell expressing Oct4-GFP was selected using

«

any of the drawing/selection tools. From the analyse menu, “set
measurements” was selected. Then, “Measure” was selected under
the same menu. A box appeared with a stack of values for the first
cell. Next, we selected a region next to the positive cell that had no
fluorescence. This step was repeated for other cells in the field of
view to measure. Once the fluorescence level of all cells was meas-
ured, we selected all of the data in the Results window and cop-
ied and pasted it into an excel spreadsheet. We used this formula
to calculate the corrected total cell fluorescence (CTCF). Finally, we

generated a graph for the fluorescent intensity data.

2.6 | Statistical analysis

The cell area and fluorescence intensity of cells with GFP was analysed
using GraphPad Prism 5 (GraphPad Software, La Jolla, CA). Data are
presented as the mean + standard deviation (SD). Student’s t test was
used to determine the significance levels. Significantly different values
are shown with asterisks (*P < .05; ** P <.01; ***P <.001).

3 | RESULTS

3.1 | Automated culture system and cell culture
tests

Due to resource limitation and the non-recoverability of the un-
manned TZ-1 cargo spacecraft, we were unable to use a conven-
tional culture system with additional CO, and manual image systems
in our present study. Therefore, establishment of an automatic cul-
ture system without CO, conditions is crucially important to study
mESC development in space. To carry out the spaceflight experi-
ments, we designed and developed a bioreactor for cell culturing.
The bioreactor was composed of culture chambers, liquid storage
vessels, cell culture modules (CCM) and an electronic container. Two
cell culture chambers (44 x 22 x 10 mm) with an imaging window on
each were connected in series as a group (Figure 1A). The medium
storage bags were filled with the cell culture medium, and the empty
bags were used for liquid waste recovery (Figure 1B). The tubing of
the chambers connected the storage bags with the micro peristal-
tic pump (Figure 1C), allowing medium exchange. After cell seeding,
the cell chambers and storage vessels were installed in the CCM
(Figure 1D), the medium was transferred into the space cell chamber
by those micro pumps, and the culture supernatant was driven into
the empty bags. The assembled CCM was mounted into the elec-
tronic container (Figure 1E), which provided power and automati-
cally maintained temperature control, changed medium and imaging.
To determine the feasibility of this culture system, we seeded mESCs
and EBs in separate cell culture chambers and incubated cells in the
automatic bioreactor without CO, supplement under normal 1 x g
conditions. Time-lapse microscopy revealed that mESCs cultured in
matrigel-coated chambers grew well and propagated. After 4 days
in culture, mESCs were able to form colonies in a feeder free sys-
tem with N2b27/2i medium (Figure 1F). We also observed growth
of EBs in the automatic culture system. As shown in Figure 1G, EBs
attached to the bottom of the chamber, gradually spread out, and
flattened over 4 days of culturing. These results indicate that the au-
tomated culture system could be used to culture mESCs and EBs for

the subsequent spaceflight experiment.

3.2 | Spaceflight cultivation enhances cell
survival, maintains stemness and forms 3D
aggregates of mESCs

Cell samples were seeded into each chamber and launched into
space on April 20, 2017 (Methods). Two hours after the spacecraft
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FIGURE 2 Comparison of mESCs growth in space microgravity and ground 1 g condition. A, Schematic illustration of procedure to load
cells, install hardware and culture cells in the TZ-1 spaceflight mission. Typical optical images showing the mESCs morphologies during

6 days of culture in spaceflight condition (B) or ground 1 x g condition (C). Scale bars = 100 um. The growth areas of mESCs were measured
for 3 typical images during 6 days of culture in spaceflight (D) and ground 1 x g condition (E). The results showed a notable increase in cell
proliferation in a time-dependent manner when cultured in spaceflight pg compared with 1 g ground condition (F). All results are shown as
mean + SD of with 3 independent images, with significance indicated by **P < .01 vs ground, ***P < .001 vs ground

arrived in orbit, cell culture medium was changed automatically
with a flow rate of 400 pL/min, and then the images were pro-
duced synchronously. Images of cells in the space culture cham-
ber were daily acquired by micrography, and medium was changed
every day during the 15-day spaceflight (Figure 2A). As shown in
Figure 2B and Figure 2C, mESCs exhibits a significant difference
in cell morphology and characters between spaceflight group and
normal 1 x g ground group. We found that cells exposed in mi-
crogravity were prone to propagate with multilayer colonies and

confluence of a cell cluster after 6 days in culture, while cell in
1 x g appeared monolayer colonies on the surface of matrigel.
We also quantified the growth surface area of mESCs on differ-
ent conditions. As exemplified in Figure 2D,E, there were an obvi-
ous increase of cell growth area both in space and 1 x g condition
during culturing, while, the cell area depicts significantly higher
values for cells in space than those in 1 x g condition (Figure 2F).
We also analysed the expression of Oct4-GFP of mESCs. Purified
Oct4-GFP mESCs were prepared and seeded in each chamber
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FIGURE 3 Effect of space microgravity on mESCs morphology and the expression of stem cell self-renewal markers of mESCs. A,
Purified Oct4-GFP mESCs were prepared for seeding into chambers. Scale bars = 50 um. B, C, Morphological characteristics, cell number
and GFP expression in Oct4-GFP transgenic mESCs by time-lapse imaging over 15 days of culture in spaceflight and ground conditions.
Scale bars are 100 um. D, Relative mean fluorescence intensity between the spaceflight-cultured and ground-cultured groups over 15 days
of culture. All results are shown as mean * SD of at 3 independent images, with significance indicated by *P < .05 vs ground, ***P < .001 vs

ground. NS=no significant

(Figure 3A). Each chamber trapped 3 different positions for im-
aging through optical and fluorescence microscopes. Collected
images were transmitted to Earth every day. Hundreds of high-
resolution mESC photos were received in this study. During the
first few days of culture, we observed that mES colonies formed
monolayers in both space and ground-control cultures, and both
groups displayed high Oct4-GFP expression (Figure 3B,C). After
6 days in culture, most of the mESC colonies in space had aggre-
gated and began to form a 3D structure (Figure 3B). Importantly,
expression of Oct4 increased during spaceflight, as indicated by
stronger GFP expression over time (Figure 3B,D). However, the
number and size of mESCs in ground controls were reduced after
6 days in culture, and Oct4 expression declined during subse-
quent days (Figure 3C,D). It is noteworthy that mESCs cultured
in space exhibited significantly higher expression of GFP than
those cultured on the ground, particularly after 6 days of culture

(Figure 3D). These results suggest that the space microgravity

environment plays a role in long-term survival and maintenance of

stemness in mESCs, as well as 3D aggregate formation.

3.3 | Outgrowth and differentiation of embryoid
bodies during spaceflight

To explore the effects of spaceflight on ESC differentiation, we
used the Oct4-GFP mESC-derived EB-explant outgrowth culture
as a model (Figure 4A). EBs in both the space and ground-control
groups successfully adhered to the chamber surface (on day 1),
and cell outgrowth was clearly observed in both groups (on day
3). After 5 days in culture, some differentiated cells displaying a
mesenchymal-like morphology were found surrounding the adher-
ent EBs (Figure 4B). After 8 days in culture, cells had evenly ex-
panded throughout the chamber, reaching subconfluency on day
12 (Figure 4B). Interestingly, although in general the number of
cells expressing GFP was significantly reduced in both the space
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FIGURE 4 Cell adhesion, outgrowth and differentiation of Oct4-GFP EBs cultured in space and ground environments. A, Formation

of Oct4-GFP EBs was used to analyse the characteristics of spontaneous differentiation during spaceflight. B, Representative bright

field images at low magnification showing EB morphologies and outgrowth from day 1 to day 12 in culture. C, D, Phase contrast and GFP
fluorescence images showing cell morphologies and Oct4 expression for the differentiation of Oct4-GFP EBs over 15 days of culture in
spaceflight and ground 1 x g conditions. All scale bars = 200 um. E, Mean fluorescence intensity of spaceflight-cultured and ground-cultured
OCT4-GFP EBs. All results are shown as the mean + SD of at 3 independent images. NS = no significant, (*) = P < .05, (***) = P < .001

and ground groups during the first 3 days (Figure 4C,D and E), some
clusters of EBs in the space culture group retained obvious expres-
sion of Oct4-GFP from days 5 to 15 (Figure 4C). Furthermore, we
found that after 2 days of culture, Oct4-GFP expression in EBs in
the space culture group was significantly higher than EBs cultured

in 1 xg ground conditions (Figure 4E). Therefore, outgrowth of

EBs, alterations in cell morphology and decreases in Oct4 expres-
sion together suggest the occurrence of differentiation in space,
but it seems that EB differentiation in space is slower than in nor-
mal 1 x g conditions. To confirm such outgrowth characteristics
and differentiation patterns of EB in microgravity, we further cul-

tured Brachyury-EBs in the space environment and assessed their
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as they continued to grow (Figure 5A,B). Furthermore, as shown in
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Representative bright field images at low magnification showing EB morphologies and outgrowth from day 1 to day 15 in culture. B, C,
Phase contrast and GFP fluorescence images showing cell morphologies and Brachyury expression for the differentiation of Brachyury-GFP
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EBs was lower than in 1 x g at days 3 and 4, while this trend was
reversed after 8 days in culture (Figure 5D). Together, these results
suggest that although microgravity did not prevent the migration
of EBs onto the ECM substrate, microgravity did inhibit effective

terminal differentiation of mEBs.

4 | DISCUSSION

Increasing attention has been paid to the influence of microgravity
on stem cell growth and tissue regeneration. Exposure to micrograv-
ity may change cellular function, potentially causing severe deficits
in mammalian stem cell-based tissue regeneration, including altered
adhesion properties, reduced cell numbers and inhibited cell differen-
tiation.**%2 Although some studies have focused on the proliferation
and differentiation of stem cells in microgravity with spaceflight,?%2*
none of them acquired real-time imaging of stem cells in long-term
space conditions. In the present study, we developed an automatic
cell culture device and automated imaging technology to generate
real-time observation of mESC growth and EB differentiation in space
for the first time. Because the TZ-1 cargo spacecraft was unable to be
recovered after the mission, all data had to be automatically collected
and relayed to Earth before the spacecraft burned upon re-entry.

The novelty of this work lies in the fact that we used a fluores-
cence reporter (GFP) on Oct-4 as well as a Brachyury-GFP fusion
protein in mESCs, to monitor cell proliferation and differentiation.
We found that mESCs exhibited stronger proliferative characteris-
tics and longer survival probability under space microgravity condi-
tions compared with ground-cultured cells in this automated culture
system. Of note, flat and well-spread mESC colonies gradually trans-
formed into dense 3D cell aggregates that exhibited high expression
of Oct4 during incubation in space, while cells cultured on the ground
exhibited monolayer growth patterns. This phenomenon is consis-
tent with a study reporting that microgravity promotes formation
of ball-like ES cell colonies and maintains stem cell characteristics in
the absence of LIF.?> Furthermore, EBs cultured in matrigel matrix-
coated cell chambers were capable of developing outgrowth onto
the ECM substrate during differentiation under microgravity condi-
tions. We also noticed decreased expression of Oct4-GFP and in-
creased expression of Brachyury in EBs cultured in space, indicating
that EBs can be differentiated in microgravity. Interestingly, it seems
that the EB morphology and GFP expression pattern in space may
vary from those cultured in ground 1 x g controls, with our data indi-
cating that the speed of EB differentiation in space is slower than in
EBs differentiated in normal 1 x g conditions.

Observed differences in mESC proliferation and growth proper-
ties between ground and space environments could be attributed to
not only biophysical factors but also biochemical factors. Regarding
the strong self-renewal ability and long-term survival of stem cells
and 3D structure formation in space, 1 explanation might be sig-
nalling pathway alternations, such as Wnt1, which involve cell fate
determination during cell differentiation and proliferation that

were specifically increased under space microgravity conditions.'?

Proliferation:

Another explanation is that mESCs might be able to more efficiently
utilize nutrient bioavailability when exposed to microgravity con-
ditions.?6728 Although CO, gas was not provided by the spacecraft
hardware in this study, media were initially inflated with a gas mix-
ture (5% O,, 5% CO, and 90% N,), and the medium was changed
every day and stored at low temperature and sealed. We believe
that enhanced nutrient utilization occurs in space pg environments
compared to ground 1 x g environments. Further study is necessary
to uncover the detailed mechanism as to why stem cells maintain an
undifferentiated state and long-term proliferation when exposed to
a space environment.

Additionally, as reported by Blaber et al we found that space
microgravity inhibits stem cell terminal differentiation. Despite
the EBs developing outgrowths on matrigel substrates in the first
3 days in our study, EBs slowed their migration after 3 days, main-
taining aggregates in the centre. These results strengthen the
above-mentioned hypothesis that microgravity triggers 3D cell
growth.?’-3! We found that the speed of EB differentiationat1 x g
on the ground was faster when compared with space. It is possible
that increased flow shear forces on the ground when infused with
fresh medium increased the differentiation of stem cells.®? In fact,
microgravity reduces the migration of mesenchymal stem cells by
remodelling the actin cytoskeleton and increasing cell stiffness.%®
Reduced attachment/spreading on the substrate is associated
with cell-cell aggregation that promotes mesendoderm differenti-
ation.®* Interestingly, we found that although EB could differenti-
ate into the mesendoderm lineage in the space environment, these
differentiated cells maintained high expression of Brachyury, even
after 15 days of culture. This result confirmed that mechanical
unloading of stem cells in microgravity inhibits later or terminal
differentiation and decreases the activity of mature cells.'? Taken
together, our results demonstrate that the space microgravity en-
vironment might play a potential role in supporting 3D growth of
cells and maintenance of stemness in embryonic stem cells, while
spaceflight in microgravity may have a negative effect on the ter-

minal differentiation of ESCs.
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